Objectives: There are no reports of de novo donorspecific antibody monitoring by a low-cost solid-phase crossmatch assay using donor lysate after renal transplant. Conclusions: Solid-phase crossmatch testing using donor lysate on a Luminex platform is less expensive and can be used for posttransplant donor-specific monitoring and for diagnosis of antibody-mediated rejection.
Introduction
Development of donor-specific antibodies (DSA) before or after transplant is indicative of sensitization against the donor and could have an adverse effect on graft survival due to immunologically mediated acute or chronic allograft failure. Anti-HLA DSAs are directed against donor class I and class II major histocompatibility (MHC) complexes. Class I molecules are found on all nucleated cells in the body. Class II MHC expression is observed predominantly on antigen-presenting cells and activated endothelial cells. 1 Risk factors for the development of anti-HLA antibodies include multiple transfusions of blood products, previous organ transplant, and multiple pregnancies. 2, 3 The detection of anti-HLA DSAs in recipients is an important part of the pretransplant evaluation. Anti-HLA DSA screening is used to detect presence or absence of anti-HLA sensitization. 4, 5 Anti-HLA DSAs can be detected using traditional cellbased techniques like complement-dependent cytotoxicity (CDC) or solid-phase assays. 6 Solid-phase assays can be performed with soluble or recombinant HLA antigens bound on dependent microbeads (Luminex multiplex platform; Luminex, Austin, TX, USA). 7, 8 The advantage of this technique is that it is more sensitive and specific than CDC crossmatch. These assays can detect anti-HLA antibodies below the threshold for a positive CDC crossmatch. This level of sensitivity sometimes makes interpretation difficult because the clinical significance of some of these antibodies that are detected by the single-antigen bead (SAB) technique at low levels remains unclear. 9 Various markers for rejection and tolerance have been described. 10, 11 Detection of de novo DSA by Luminex constitutes an appropriate biomarker to recognize recipients with increased risk of antibodymediated rejection (ABMR) during the posttransplant period. 12, 13 When ABMR occurs, outcomes could be predicted by monitoring the DSA level. 14, 15 Luminex assays for DSA could be used not only for pretransplant rejection risk prediction but also for posttransplant monitoring for development of de novo DSA in solid-organ transplant recipients. 16, 17 
Materials and Methods
This was a prospective study in which 121 livingdonor kidney transplant recipients were evaluated posttransplant for development of de novo DSAs against class I and class II HLA antigens by solidphase crossmatch (SPC) Luminex assay using donor lysate (Lifecodes DSA kit, Immucor, Norcross, GA, USA). All recipients were CDC crossmatch negative at room, warm, and cold temperatures at the time of kidney transplant. Eighty-seven recipients (72%) were given induction with either basiliximab (n = 62) or antithymocyte globulin (n = 25) at the time of kidney transplant.
Separation of peripheral blood lymphocytes from donor's heparinized blood (3 mL) was done by gently mixing and diluting blood with 3 mL of phosphate-buffered saline (PBS) to make a total volume of 6 mL. Lymphocyte separation medium (3 mL; density of 1.077) was loaded into 15-mL tubes and then overlaid gently with 5 mL of diluted heparinized blood and centrifuged at 2000 revolutions/min for 30 minutes. The buffy coat was carefully pipetted from the plasma-lymphocyte separation medium interface and transferred to another tube. The cells were resuspended in about 4 mL of PBS, mixed gently with a Pasteur pipette, and centrifuged at 1000 revolutions/min for 10 minutes.
The supernatant was discarded, and the washing steps were repeated. After the buffy coat was washed twice, the lymphocytes were suspended in 200 to 300 μL of PBS and counted to attain a cell concentration of 2 × 10 6 /μL. The viability was checked by adding 1% trypan blue. These cells were used for CDC crossmatch and for preparation of lysate using lysis buffer for SPC DSA screening on Luminex.
complement-dependent cytotoxicity crossmatch
Lymphocytes isolated from the donor were incubated with prospective recipient serum in the presence of rabbit complement to detect CDC antibody. 2 We added 1 μL of recipient serum to each well of a Terasaki tray. This was followed by addition of 1 μL of negative control and 1 μL of positive control. One microliter of donor cells at a concentration of 2 × 10 6 /μL was added to each well (with well containing positive control to be dispensed last). The tray was incubated at 22°C for 30 minutes. Rabbit complement (5 μL) was added to each of the wells and incubated at 22°C for 60 minutes. After incubation, 5 μL of 4% eosin dye was added. After 5 minutes, 5 μL of formalin saline was added to fix the reaction. The plate was read using an inverted phase-contrast microscope with an ultraviolet light source after 30 minutes. The percentage of dead cells in each well was noted and scored according to the International Histo compatibility Workshop scoring system as follows: 0% to 10% cell death was interpreted as negative, 11% to 20% interpreted as doubtful positive, 21% to 50% interpreted as weakly positive, 51% to 80% interpreted as positive, and 81% to 100% interpreted as strong positive. Lysis of recipient cells when incubated with recipient serum indicated presence of autoantibodies.
Solid-phase crossmatch assay for detecting de novo donor-specific antibodies using donor lysate on Luminex platform Peripheral blood leukocytes, platelets, spleen cells, and/or lymph node cells can all be used as donor source material in this assay. Solubilized HLA proteins were obtained from donor source material after isolated cells were exposed to a lysing detergent. Cell fragments were removed by centrifugation, with lysate then available for immediate use or stored for future testing. Capture beads coated with monoclonal antibodies specific for either class I HLA or class II HLA antigens allow the user laboratory to create a solid-phase surface (beads) for specifically capturing donor MHC proteins. Once the beads were coated with donorderived antigens, nonbound proteins in the donor lysate were removed by thorough washing. Beads coated with donor MHC (class I or class II) antigens could then be used to probe patient sera for the presence or absence of donor-specific alloantibodies. Because the beads capturing MHC class I proteins can be separated from the beads capturing MHC class II proteins (each has an intrinsic fluorescence address that the Luminex assay can readily track), MHC class specificity can also be easily determined in addition to donor specificity. This assay system for DSA is a solid-phase testing system simulating a crossmatch (involving donor cell material and recipient serum incubation steps) using Luminex technology.
A series of control beads, which are fluorescence separable by the Luminex assay, was used (1) to determine the amount of nonspecific immunoglobulin G binding to the solid matrix beads and (2) to determine that the appropriate secondary antibody was used during each assay. The test kit contained 2 different secondary antibodies: one that binds to human immunoglobulin G and a second used in conjunction with a blend of class-specific monoclonal antibodies. The latter are used to determine (1) the amount of donor MHC class I proteins bound to the class I capture beads and (2) the amount of donor MHC class II proteins bound to the class II capture beads. For preparing lysate, isolated donor lymphocytes were washed with minimal culture medium 2 to 3 times; 100 μL of diluted lysis buffer were added to the pellet. The pellet was vortexed to lyse cells, lysate and bead mix were prepared, and incubation was started for 30 minutes on a shaker at 300 revolutions/min in the dark. After incubation, wash buffer (42 μL/well) was added to the bead-lysate mixture. A filter plate well was prepared, and 55 μL of the above mixture were added to each well of the filter plate along with wash buffer to each well. The plates were mixed, washed 3 times by addition of 250 μL/well of wash buffer, and then aspirated with vacuum manifold. Diluted lysate control reagent was added along with 38 μL/well of diluted specimen, 12 μL/well of patient serum, 12 μL of positive controls to positive control wells, and 12 μL negative controls to negative control wells. After incubation, additional washes, mixing, and aspiration steps, 50 μL of diluted streptavidin phycoerythrin were added to the lysate control reagent wells, with 50 μL of diluted conjugate added to all other wells. Trays were ready for Luminex assays after incubation and additional washes. 18 Donor-specific antibody single antigen bead assay on Luminex platform Patient serum samples were incubated with single HLA class I and class II antigen beads. The sensitized beads were washed to remove unbound antibody. An antihuman immunoglobulin G antibody conjugated to phycoerythrin was then added for incubation, and the test sample was then diluted and analyzed on the Luminex instrument. The signal intensity from each bead was compared with the signal intensity of negative control sera and negative control beads included in the bead mixture to determine whether the serum sample was positive or negative for bound anti-HLA alloantibody.
Results
Twenty-six recipients (21.5%) of 121 patients in our study group developed de novo DSA within 1 to 3 months after transplant (Table 1) . Of these 26 patients, 11 recipients received basiliximab, 9 received antithymocyte globulin induction, and 6 received no induction at the time of transplant. Fifteen recipients (58%) of the 26 de novo DSA-positive recipients developed class II DSA positivity, 8 (30%) developed class I DSA positivity, and 3 (12%) developed both class I and class II DSA positivity after transplant. In the de novo DSA-positive group, 8 recipients (30.7%) developed acute rejection, with 6 (75%) of these patients having evidence of ABMR with glomerulitis (5 C4d-negative, 1 C4d-positive) and 2 patients (25%) with T-cell-mediated acute rejection. All episodes of acute rejection responded to treatment. More acute rejection episodes were antibody mediated in the de novo DSA-positive group (P < .05) than in the de novo DSA-negative group. Of the 95/121 patients (79%) who did not develop de novo DSA, 51 received basiliximab and 16 received antithymocyte globulin induction. In the DSA-negative group (n = 95), 18 recipients (19%) developed acute rejection versus 30.7% of recipients who developed acute rejection in the de novo DSA-positive group. In addition, 6/18 recipients (33.3%) who were de novo DSA negative but developed acute rejection had ABMR with glomerulitis (2 were C4d-positive) and the remaining 12 (66.5%) had T-cell-mediated acute rejection. Episodes of acute rejection in recipients in the de novo DSA negative group were also responsive to treatment. Statistical analyses are shown in Table 1 .
Patients who developed de novo DSA had significantly more episodes of ABMR than patients without de novo DSA (P = .01). In the 26 DSApositive sera samples, SAB and SPC assay results on Luminex platforms were compared with each other. Only 21 of the 26 SPC-positive sera showed de novo DSA positivity by SAB. Both SPC and SAB assays showed good correlation for detecting de novo DSA and acute rejection episodes. Five serum samples positive by SPC assay were negative by SAB assay, with 1 of these 5 cases developing ABMR that could be due to non-HLA antibodies; the other 4 cases (without acute rejection ) could be due to nonspecific positivity. Pearson correlation between these 2 assay methods for detection of de novo DSA and acute rejection episodes showed P = .044 for acute rejection, P = .01 for ABMR, and P = .004 for T-cell-mediated acute rejection. Table 2 shows positivity by class using both assays, acute rejection episodes, T-cellmediated rejection, and ABMR episodes.
Discussion
Donor-specific antibodies are considered contraindications for renal transplant if indicated by CDC crossmatching. In the late 1960s, CDC crossmatch was developed by Terasaki 2 as a standard technique for DSA testing by complement-dependent lymphocytotoxicity crossmatch. The DSAs bind complement and trigger complement activation by a classical pathway that leads to lysis of donor cells and damage to the allografted organ. Complementdependent lymphocytotoxicity crossmatch can fail to indicate noncomplement-fixing DSA and has lower sensitivity than other tests used to detect DSAs. Complement-dependent cytotoxicity and flow cytometry-based crossmatching assays require fresh donor cells of good quality and viability for each test. There are 2 different types of Luminex-based tests available: the SAB assay and the lysate-based SPC assay, with each assay depending on the source of the molecules coated on the color-coded microspheres. The SAB assay uses beads that are coated with recombinant HLA antigen molecules. Luminex lysate crossmatch (SPC) uses beads coated with antihuman class I and class II HLA antibodies, which capture and isolate HLA molecules from donor lysate (detergent extracted HLA molecules from donor lysate). The SPC assay allows a crossmatch using donor lysate that is easier to preserve than living cells for posttransplant DSA monitoring. The SAB assay allows the specificity of DSA to be defined in a recipient (a virtual crossmatch) by predicting the donor-specific anti-HLA reactivity with high degree of sensitivity. Both of these Luminex-based tests have advantages and disadvantages. For SAB, it is not necessary to store any donor material; however, one needs to do complete HLA typing of donor, including Cw, DQ, and DP typing as well as A, B, and DR typing. This adds significantly to the cost of the SAB assay (in addition, this kit itself is more expensive). The lysate SPC test simulates a crossmatch that involves actual interaction between donor lysate and recipient serum. Theoretically, DSAs directed against any HLA locus should be detected by lysate SPC, without need to do donor HLA typing. Lysate-based crossmatch tests capture natural human antigen and are much less expensive than the SAB assay. In the present study, lysate SPC was used prospectively in a group of living-donor renal transplant recipients for monitoring of development of de novo DSAs. All of the patients were monitored for development of de novo DSA by lysate-based SPC at 1 to 3 months after transplant and whenever an acute rejection episode was suspected. Various methods used for DSA detection have inherent strengths and limitations; no one test is intended to function in isolation as the single predictor of transplant immunologic risk. 15, 19 Antibody screening for HLA antibody alone may miss clinically relevant non-HLA antibodies; therefore, cellular-based assays may have a role, as do other novel solid-phase methods. Crossmatch results can identify DSAs, but their correct interpretation for immunologic risk estimate is most predictive of relevant outcomes, when solidphase assay tests for antibody screening are also concurrently done. 20 The complete risk estimate of any donor-recipient pair should also consider the HLA typing and antibody screening methods used for antibody detection. [21] [22] [23] Sensitive and specific screening for HLA and non-HLA antibodies and accurate crossmatching methodologies should be used to describe immunologic risk profiling of the recipient-donor pair. 24 A low level of DSAs may identify patients who would require either more aggressive immunosuppression or closer follow-up. Solid-phase testing for DSA defines the immunologic relevance of cell-based assays in clinical practice and estimates rejection risk, which continues to evolve posttransplant. 25, 26 Patients who develop de novo DSA can have reduced graft survival. Pretransplant DSAs increase the risk for development of ABMR within 1 year after transplant. 27 In the present study, there were more acute rejection episodes that were antibody mediated in association with development of new-onset DSA (with C4d deposition and histologic changes indicative of acute or chronic antibody-mediated vascular injury). 28, 29 The patient group who were DSA negative also had acute ABMR episodes but at lower numbers than in the DSA-positive group. The SPC assay by Luminex can be used for post transplant DSA monitoring and is more economical, although there are reports that SPC may have limitations for detection of HLA-DP/DQ antibodies. In our laboratory, lysate-based SPC DSA could detect cases of anti-HLA-DP/DQ antibodies. The use of donor lysate in SPC assays is more economical then the SAB Luminex assay (per test cost of US $45.20 vs $403.20).
The SPC assay performed with donor lysate on Luminex platform could be useful for posttransplant de novo DSA monitoring and ABMR diagnoses and thus could serve as an estimate and indicator for diagnosis of rejection episodes ( Table 2 ). Development of de novo DSA, as detected by SPC, was associated with significantly increased episodes of ABMR in our study (P = .01). However, DSA assay by SAB testing and negative C4d staining in renal allograft biopsy (presence of vascular injury on histology) have been the criterion standard for the diagnosis of ABMR in Banff classification. 30, 31 The significance of antibodies detected by various solid-phase assays in relation to posttransplant outcomes requires further prospective evaluation. The technique most appropriate to predict the posttransplant outcome is thus far not clear. Our present study showed association between the development of de novo DSA by lysate-based SPC and acute rejection episodes. The cost of both tests analyzed here, their sensitivity, and their specificity are important considerations before choosing an assay system for de novo DSA testing after transplant. Our comparison of the SAB assay on Luminex platform and the lysate SPC crossmatch test shows that their interassay variabilities are similar, with similar capture efficiency. However, the SAB assay has shown higher sensitivity than the lysatebased SPC assay. 32 
Conclusions
Development of de novo DSA was associated with more acute rejection episodes (31% in the de novo DSA-positive group vs 19% in the de novo DSAnegative group). Patients positive for de novo DSA had more ABMR (75% of acute rejections), whereas 33.3% of acute rejections in patients without de novo DSA had ABMR. Donor-specific antibodies detected by Luminex SPC developed in 18 patients (5 having class I, 11 having class II, and 2 having both class I and II) without any evidence of clinical rejection. These patients would need to be followed to assess the long-term significance of development of DSAs on graft outcome. Positivity for DSAs is associated with C4d deposition and histologic changes in the renal allograft, indicators of acute or chronic ABMR. The significance of de novo DSA development alone without evidence of clinical acute rejection also needs further evaluation through long-term follow-up of these patients. The SPC assay showed good correlation with the SAB assay for detection of de novo DSA. The SPC assay can be used both for posttransplant monitoring and for diagnosis of ABMR. Through detection of de novo DSA, the SPC assay can be used as a biomarker for rejection.
The early detection and the identification of anti-HLA DSAs with a sensitive solid-phase platform allow for better diagnosis of ABMR or mixed forms of allograft rejection in renal transplant, especially in cases with inconclusive histopathology. The routine monitoring of DSA in the posttransplant setting is a predictor of progression to chronic ABMR independent of status of C4d staining of renal allograft.
